ABSTRACT We have screened approximately 20,000 colonies of Chinese hamster ovary cells immobilized on filter paper [Esko, J. D. & Raetz, C. R. H. (1978) Proc NatL Acad. Sci. USA 75, 1190USA 75, -1193 for strains unable to incorporate [methl-"'CJcholine into trichloroacetic acid-precipitable phospholipid at 40'C. Mutant 58, identified in this way, was specifically defective in choline incorporation, and other isolates were also blocked in thymidine and leucine incorporation into DNA and protein, respectively. Further analysis of mutant 58 revealed that the strain grew almost normally at 330C, the permissive temperature, but divided only once at 40'C, the restrictive temperature. After a 20-hr incubation at 400C, the phosphatidylcholine level dropped from 41% to 20% in the mutant whereas other phospholipids, including sphingomyelin, continued to accumulate. Wild-type cells contained approximately 50% phosphatidyicholine at both temperatures. Anion-exchange chromatography of the water-soluble choline metabolites extracted from mutant 58 revealed that phosphorylcholine accumulation increased from 6 nmol/mg of protein at 330C to 42 nmol/mg of protein at 40'C whereas CDP-choline decreased from 0.42 nmol to less than 0.07 nmol per mg of protein. Phosphorylcholine also increased in wild-type cells shifed from 330C to 40°C (from 1.8 nmol to 16 nmol per mg of protein), but the level of CDP-choline was not altered (from 0.52 nmol to 0.58 nmol per mg of protein). Enzymatic assays of extracts prepared from mutant and wild-type cells revealed a reduction of CTP: phosphorylcholine cytidylyltransferase (EC 2.7.7.15) activity (CDP-choline synthetase) in the mutant to 1/40th that in the wild type, and mixing experiments excluded the production of antagonists to CDP-choline synthesis in the mutant. Thus, the inability of the mutant to generate normal amounts of phosphatidylcholine in vivo was correlated with an enzymatic lesion in the biosynthesis of CDP-choline in vitro.
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Phosphatidylcholine is a major structural component of most cells possessing internal membranes (1, 2) , representing about half of the membrane phospholipid. Its synthesis appears to be localized on the cytoplasmic face of the endoplasmic reticulum (3, 4) , but little is known about the biochemical and genetic factors that control the relative amount and distribution of this lipid. Most subcellular membranes contain different amounts of phosphatidylcholine (1) distributed unequally in their opposing faces (5, 6) , suggesting that mechanisms exist for its intracellular transport and insertion into preexisting membranes. Because choline-linked phospholipids are also present in high abundance in serum lipoproteins (7) , salvage of serum lipids and secretion may function along with de novo synthesis and degradation to set the cellular choline-lipid content. Enzymatic and genetic studies of animal cell mutants unable to synthesize phosphatidylcholine would help to unravel the complex metabolism of this lipid, but such mutants have not been obtained.
Recently we described a rapid screening procedure for detecting mutants of Chinese hamster ovary (CHO) cell colonies immobilized on discs of filter paper (8 After 1 day, the cells were overlayed with a disc of Whatman no. 50 filter paper and glass beads (8) and incubated at 330C for another 16 days. After the medium was aspirated and the beads were decanted, the filter paper was removed from the dish with sterile tweezers and placed cell side up on a sterile metal or glass pan tilted at a 600 angle.
The surface tension of the residual medium held the disc firmly against the pan. The paper was then rinsed vigorously with a 30-ml stream of medium lacking serum to remove loose cells. Next, it was placed cell side up on top of an even layer of glass beads in a dish filled with enough medium (containing 10%, vol/vol, dialyzed serum) to keep the paper moist. After 16 hr at 401C, the disc was placed on an absorbent paper towel to remove excess moisture and was transferred to another dish containing 1 ml of growth medium supplemented with 0.1 mM [methyl-14Cjcholine (10 Ci/mol; 1 Ci = 3.7 X 101°becquerels). After 4 hr of further incubation at 400C, the paper was treated with 1 ml of 10%1 (vol/vol) trichloroacetic acid, which resulted in precipitation of the choline-linked phospholipids. Unincorporated radioactive precursor was removed by placing each disc in a Bachner funnel and passing five 50-ml volumes of 2% trichloroacetic acid through the paper under reduced pressure (13) . The papers were then dried overnight at room temperature and exposed to KODAK XR-5 x-ray film for 4 days. After autoradiography the papers were stained overnight with 0.05% Coomassie brilliant blue G in 10% (vol/vol) acetic acid to visualize all the colonies. The papers were destained by stacking them in a beaker containing 300 ml of methanol/water/acetic acid, 45:45:10 (vol/vol), and stirring at 371C for about 1 hr. Several changes of destaining solution resulted in the appearance of bright blue colonies on a virtually white background. Throughout these manipulations, the master plate was stored at 280C under otherwise normal growth conditions in medium supplemented with 10%1 serum, 20 units of Mycostatin per ml, and 2.5 ,g of Fungizone per ml. A fresh piece of Whatman no. 42 filter paper and glass beads were used to prevent formation of satellite colonies during storage. Mutants, identified as blue-staining colonies lacking an autoradiographic halo (arrow indicates position of mutant 58), were retrieved with glass cloning cylinders (14) from the master plates. All candidates were passed through the above cloning procedure one more time to achieve their complete purification. (A and C) Autoradiograms from the original mutant screening and the subsequent repurification, respectively; (B and D) the corresponding stained filter papers.
et al. (12) , with bovine serum albumin as standard. A simplified assay for CDP-choline synthetase in cell extracts is described in the legend of Table 4 . [methyl-14C]Phosphorylcholine was treated with charcoal before use to remove a minor radiochemical contaminant present in commercial preparations.
RESULTS
Autoradiographic Detection of Mutant Colonies Unable To Incorporate Choline into Phospholipid. When CHO cells were labeled for several hours with radioactive choline, chloroform extraction revealed that the label was incorporated efficiently into choline-containing phospholipids, primarily phosphatidylcholine. If labeled cells were treated with trichloroacetic acid, over 98% of the acid-precipitable radioactivity was also chloroform soluble, indicating that [methyl-14C]choline was not a precursor for macromolecules other than membrane lipids (data not shown). Because of this specificity, the incorporation of labeled choline into acid-precipitable material permitted the autoradiographic detection of phosphatidylcholine synthesis in colonies attached to filter paper (Fig. 1) . When CHO colonies derived from mutagen-treated cells were transferred to filter paper at 330C and then incubated for several hours with radioactive choline at 400C, autoradiography revealed that all of the colonies present on the disc were radioactive except for an occasional variant, indicated by the arrow (compare Fig. 1 A and B) . Unlabeled colonies of this kind occurred with an approximate incidence of 1:5000. To repurify the putative mutants from adjacent wild-type cells (Fig. 1A) , we retrieved the desired colonies from the original master plates by using glass cloning cylinders and trypsin (14) . The cells were replated at different dilutions at 330C and again transferred to filter paper as described in the legend of Fig. 1 . Because the majority of colonies present after the first cloning were defective, as judged by choline autoradiography (Fig. 1 C and D) , further repurification was not generally necessary. Single colonies were picked and used for the experiments described below. The autoradiogram and stained filter paper corresponding to the repurification of mutant 58 (the colony indicated by the arrow in Fig. 1 A and B) are shown in Fig. 1 choline, and diglyceride (Fig. 2) , we investigated the possibility that the lesion present in mutant 58 was in the metabolism of these precursors by examining the phospholipid composition of this strain ( Table 2 ). The content of phosphatidylcholine was lower at 33'C in the mutant compared to wild-type cells (41% compared to 47%), and after 20 hr of incubation at 400C, phosphatidylcholine was reduced further to 21%. The levels of other phospholipids were not grossly affected, except that phosphatidylinositol accumulated somewhat more than the other phospholipids. Sphingomyelin formation was not immediately affected under nonpermissive conditions. These results suggested that altered ATP, CTP, or diglyceride synthesis was not responsible for the reduction in phosphatidylcholine content in mutant 58.
Defective CDP-Choline Synthesis in Mutant 58 at 40'C. To determine at what step choline incorporation into lipid was altered (Fig. 2) , we labeled mutant and wild-type cells uniformly with radioactive choline and measured the radioactivity present in both water-soluble (choline, phosphorylcholine, and CDP-choline) and chloroform-soluble (phosphatidylcholine, sphingomyelin, and lysophosphatidylcholine) material at 40'C (Table 3 ). The mutant contained 13 Tables 1 and 2. The water-soluble radioactivity was then fractionated by anion-exchange column chromatography to determine if the distribution of the choline metabolites was abnormal in the mutant at 400C (Table 3 ). The majority of the radioactivity not bound by the resin was identified as choline by ascending paper chromatography (18) and was reduced in the mutant regardless of temperature. Both phosphorylcholine and CDP-choline were retained by the resin and eluted with formic acid (17 Cells were grown for several generations at 33°C in medium supplemented with 32P3 (2 ,uCi/ml) to label the phospholipids to constant specific activity. The cells were then replated at 3 X 105 cells per 100-mm dish at 33°C in medium containing 32P at the same specific activity. After 1 day, duplicate cultures were shifted to 40°C for approximately 20 hr. The cells were extracted with chloroform/methanol (9, 15) , and the phospholipids were analyzed by two-dimensional thin-layer chromatography as described (9) . Average data are shown from at least two determinations, which varied by less than 10%. Labeling of cells under these conditions nearly reflects the chemical composition (9 (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Ci/mol) for approximately five cell generations at 330C in order to label choline-containing compounds to constant specific activity. After trypsin treatment, approximately 3 X 105 cells were placed in duplicate 100-mm-diameter dishes containing 15 ml of growth medium and radioactive choline at the same specific activity. When approximately 2 X 106 cells were present in the dishes, duplicate cultures were shifted to 40'C for 12-18 hr. The cells were harvested with a rubber policeman and mixed with 6 with a few drops of 1.5 M NH40H dissolved in methanol. Water-soluble choline metabolites present in this fractionwere analyzed by ion-exchange chromatography on a 0.9 X 25 cm column of 200-400 mesh of AG 1-X2 (formate). Nonadsorbing metabolites were first removed with 100 ml of water, and negatively charged metabolites were sequentially eluted with a nonlinear formic acid gradient (16, 17) . Five-milliliter fractions were collected (0.5 ml/min) and analyzed for radioactivity. Recovery of radioactivity was greater than 95% in all experiments. The radioactivity of an aliquot of each chloroform phase from the original extraction was also determined as a measure of choline-linked lipids. The CDP-choline fraction is a mixture of ribo and deoxyribo CDP-choline. These results suggested that mutant 58 was not defective in choline transport or in the synthesis of phosphorylcholine (because the latter was present in greater than normal amounts), but rather in the formation of CDP-choline. To test this hypothesis, we prepared extracts from mutant and wild-type cells grown at 330C and measured CDP-choline synthesis in vitro at 40°C by a modified charcoal-binding assay (Table 4 ). The product of the reaction was identified by comparison with authentic CDP-choline and by anion-exchange chromatography as described in Table 3 . In extracts of the mutant, the specific activity of CDP-choline synthetase measured in vitro was reduced to almost 1/40th that of the wild-type extracts (Table 4) . When equal amounts of protein from mutant and wild-type cells were mixed and assayed for CDP-choline synthetase, half the wild-type specific activity was obtained (3.6 compared to 7.6 nmol/min per mg of protein). This excluded the possibility of increased CDP-choline degradation or int About one-third of this fraction is deoxyribo CDP-choline. . First, the column was eluted with 30 ml of the Pi/choline buffer to remove unreacted phosphorylcholine. Next, the bound CDP-choline was eluted with 10 ml-of ethanol/H20/ NH40H, 50:50:1 (vol/vol), containing 10 mM sodium phosphate, 10 mM choline chloride, and 10 mM cytidine. The recovery of CDPcholine was consistently 65%. The samples containing CDP-choline were dried and suspended in 2.0 ml of water and 13 ml of scintillation fluid (19) , and radioactivity was measured by liquid scintillation spectrometry. Formation of CDP-choline was linear with time for at least 60 min and with protein between 4 and 80 ,g. Specific activities
varied by less than 10%o between duplicates. In the mixing experiment, equal amounts of protein from mutant and wild-type cells were combined and assayed. The same results were obtained with dCTP as the substrate.
hibitor synthesis in the mutant and also eliminated the presence of an activating factor in wild-type extracts that was missing in the mutant.
DISCUSSION
Although the incidence of specific variants like mutant 58 was about 1:20,000, autoradiography of colonies immobilized on filter paper permitted the detection of this mutant without an enrichment technique. Additional phosphatidylcholine mutants might be found by screening 5-10 times the number of colonies (i.e., 100,000 colonies or approximately 500 plates). A specific selection for phosphatidylcholine mutants would be invaluable, but unfortunately our results demonstrate that DNA and protein synthesis continued almost to the point of cell lysis (30) (31) (32) (33) (34) (35) (36) hr. Table 1 ). This suggests that classical enrichment methods using nucleoside analogs like BrdUrd (20) might not be feasible.
In view of the selectivity with which exogenous choline is metabolized to membrane lipids in CHO cells, the possibility of enriching by radiation suicide (21), by using tritiated choline, deserves serious consideration. Mutant 58 is the first mammalian cell variant with a specific lesion in phosphatidylcholine synthesis. Our evidence strongly suggests that the reduction of the CDP-choline pool observed in uivo (Table 3) results from a specific defect in CDP-choline synthetase, as measured in nitro (Table 4) . These results provide direct genetic evidence that CDP-choline functions in mammalian cells as the primary source of phosphorylcholine moieties for de novo phosphatidylcholine synthesis, as first suggested by the classical work of Kennedy and Weiss (22) . The possibility of polar head group exchange reactions (23, 24) and phosphatidylethanolamine methylation (25) as additional sources of phosphatidylcholine cannot be excluded by our findings, but these pathways are not sufficient for maintaining adequate levels of phosphatidylcholine in CHO cells.
Mutants of Saccharomyces cerevisiae (26) and Neurospora crassa (27, 28) requiring exogenous choline for growth synthesize less phosphatidylcholine in the absence of supplementation. These strains are defective either in CDP-diglyceridedependent phosphatidylserine sypthesis (26) or in phosphatidylethanolamine methylation (27, 28) , but neither of these pa.thways apparently plays a significant role in CHO cells. In this regard, most tnammalian lines, including CHO cells, require choline for growth (29, 30 (Tables 1 and 2 ), the synthesis of other phospholipids continued for about 20 hr. Because sphingomyelin was also formed under conditions of CDP-choline depletion, the phosphorylcholine moiety of sphingomyelin may not be derived primarily from CDP-choline (31 
